In the present work, the thermal conductivity and electrical resistivity of the Al-0.25 Zr (wt.%) alloy have been investigated from 300 K to 600 K. The variations of thermal conductivity (K total ) with temperature were measured by using a radial heat flow furnace. The electrical resistivity (ρ) measurements of the alloy depending on the temperature were performed using the standard four-point probe method. The electrical conductivity (σ) was obtained by using the measured electrical resistivity. The thermal conductivity and the electrical resistivity coefficients were determined from the graphs of thermal and electrical resistivity versus temperature for the alloy. The electronic thermal conductivity (K e ) values were obtained from the Wiedemann-Franz and Smith-Palmer equations, and the values of K L were obtained by subtracting K e fromthe measured values (K total ). K total is dominated by Ke, and K e varies between 208-198 W/mK. The K L decreases from 7.99 to 1.77 W/m K, and σ varies between 1.41x10 7 -2.80x10 7 Ω -1 m -1 in the range of temperature 373-600 K. The enthalpy of fusion (ΔH) and the specific heat capacity (C p ) during the transformation were determined. Thermal diffusivity (α) changes were calculated as a function of temperature from these obtained thermal data.
Introduction
Aluminum is the second most used metal due to its desirable thermal and electrical properties. Furthermore, it is a crucial component of an important category of technological materials. Due to its high strength to weight ratio, aluminum and its alloys are used in a wide range of industrial applications such as transportation, particularly with aircraft and space vehicles, construction and building, containers, packaging and electrical transmission lines 1 . Aluminum and its alloys are also used in all bare overhead energy transmission lines. Researchers and manufacturers have made significant improvements in the tensile strength and conductivity of the overhead lines. They have also been developing design and productions that will increase service life and operating temperatures [2] [3] [4] [5] [6] [7] [8] [9] . Zirconium additions (0.1 to 0.3%) to Al have been reduced the as-cast grain size and increased the operating temperatures of Al-Zr alloys up to 210 ˚C without a loss in the tensile strength 7 . It is very important to know the thermal and electrical conductivities of the materials used in transmission lines. In the experimental determination of the thermal conductivity (K) of solids, a number of different methods of measurement are required for different ranges of temperature and for various classes of materials having different ranges of K values. One of the common techniques for measuring the thermal conductivity of solids is the radial heat flow method. The radial heat flow method is a steady state method 10 . The temperatures within the sample are measured by thermocouples. This method has been widely used for measuring the thermal conductivity of solids for pure materials and alloys 11−13 . Thermal transport in metals is complex due to the coexistence of electron and phonon conduction and the strong interaction between them. The total thermal conductivity (Κ tot ) has two components: The electronic thermal conductivity (K e ) and the lattice (or phonon) thermal conductivity (K L ). The total thermal conductivity is the sum of these two components.
(1)
The contribution of electrons is greater than that of phonon at all temperatures in pure metals. The relative importance of K e and K L thus depends on the magnitude of K L . The electronic component often paralells the electrical conductivity, and the electrical conductivity is the highest in pure metals but reduced in the case of alloys and even lower in semimetals and semiconductors 14 . In particular, by assuming the lattice thermal conductivity (K L ) is negligible in a metal, K e could be linked with the electrical conductivity (σ) by using the well-established Wiedemann-Franz (W-F) law 14 :
(2) 
where L is Lorenz number (=2.44x10 -8 WΩ/K 2 ) and T is the absolute temperature. Based on the W-F law, SmithPalmer (S-P) suggested the following equation 15, 16 (3) where A is the Lorenz number difference among different alloys, and B stands for the constant lattice thermal conductivity. Smith and Palmer 15, 16 determined A = 0.909 and B = 10.5W/Km K for Al-based alloys. The relationship between the K and σ of alloys, specifically aluminum alloys (without silicon), is established by using the W-F equation 14 and the S-P equation 15, 16 . The investigations of the K and σ of aluminum rich Al-Zr alloy are crucial for many industrial applications. The thermal and electrical data may be used to see better insight into the thermo-electrical properties of Al-Zr alloy.
As seen in the Al-rich Al-Zr dilute phase diagram ( Fig. 1) , the terminal solid solution has a decreasing solid solubility as the temperature decreases 17 . Figure 1 shows this type of decrease of solid solubility in the thermal solid solution α-Al from point a to point b along the solvus. There is a large decrease in solid solubility of solid solution in α-Al in parallel with the decreasing temperature from T a to T b .
Although the K and σ of pure Al and pure Zr metals have been obtained theoretically and experimentally, only limited research has been performed on the effect of temperature on K and σ of the Al-Zr alloys. K and σ of the Al-Zr alloy with a wide range of temperatures have not been investigated. Therefore, in order to better understand the mechanism of alloying elements on K and σ, it is necessary to study the K and σ of the Al-Zr alloys.
The purpose of the present work was to determine the thermal conductivities (K tot , K e , K L ) and electrical conductivity (σ) as a function of temperature for the Al-0.25 Zr alloy (all compositions are in wt.% unless otherwise noted). Effects of temperature on K and σ of Al-Zr alloy were investigated and correlated with the corresponding K and σ on the basis of the W-F and S-P equations. This was done in three steps. In the first step, the variations of thermal conductivity of solid phases with temperature for the Al-0.25 Zr alloy were measured with a radial heat flow furnace. In the second step, a four-point probe measurement method is performed to determine the resistivity of the alloy sample depending on the temperature and the electrical conductivity, for which σ was obtained by using the measured resistivity values. In the third step, the variations of K e and K L with temperature for the same alloy were determined from the W-F and S-P equations by using the measured values of σ. The values for K L were obtained by subtracting the values of K e from the measured values (K tot ) for studied Al-0.25 Zr alloy. Also, the thermal conductivity and electrical resistivity coefficients were determined from the related graphs.
Experimental Procedure

Sample preparation and Identification of solid phases
The Al-0.25Zr (wt.% ) samples were produced using the Al-10 Zr master alloy and 99.8 % pure Al. Three samples were prepared from the studied alloy for reproducibility during sample preparation. After allowing time for melt homogenization in a vacuum melting furnace, the molten alloy was poured into the prepared graphite crucibles (140 mm in length, 30 mm ID and 40 mm OD) that were held in a specially constructed hot-filling furnace at approximately 75-100 ˚C above the melting point of the alloy. The sample was stirred with a thin alumina rod. The samples were then directionally solidified from bottom to top using a water cooled Cu block to ensure that the crucibles were completely full.
The verified compositions given in Table 1 were obtained from the studied alloy system through bulk chemical analysis performed with direct current plasma emission spectroscopy (DPES). As seen in Table 1 , the composition quantities of Al, Zr and other impurities were found to be 99.260%, 0.256% and 0.484%, respectively. The EDX analysis was conducted at 20 keV using the X-ray lines. According to the EDX results, as shown in Fig. 2a , the gray phase is the Al-rich α-Al matrix phase (Al-0.28 Zr), and the dark gray phase (white arrow) is Al 3 Zr intermetallic phase (Al-54.28 Zr). As seen in 
Measurement of the thermal conductivity
In the present work, because of its symmetrical characteristics, the radial heat flow furnace was chosen to determine the thermal conductivity of solids [11] [12] [13] . The radial heat flow furnace consists of a central heating wire at the axial centre of the sample and a cooling jacket at the outer side as shown in Fig. 3 . The central heating wire is at the center of the cylindrical sample and is insulated from the materials with a thin-walled alumina tube. The water cooling jacket is made of stainless steel and is placed on the outside of the sample. To get a radial heat flow, the sample was heated from the center, and the outside of the sample was kept cool by circulating water through the cooling jacket. Details of the experimental procedure, furnace equipments and alloy preperation are described in previous works 12, 13 . Consider a cylindrical sample heated by a heating wire along the axis at the center of the sample. At the steady-state condition, the radial temperature gradient in the cylindrical sample is given by Fourier's law, (4) where Q is the total input power, A is the surface side area of the sample, perpendicular to the heat flow, and K is the thermal conductivity of the solid phase. Integration of the Eq. (4) gives, (5) where a o =ln(r 2 /r 1 )/2πL is an experimental constant, L is the length of the heating wire, T 1 and T 2 are the temperatures at the fixed positions, r 1 and r 2 (r 2 > r 1 ) are the distances from the center of the sample, as shown in Fig. 4 . If the values of Q, r 1 , r 2 , L, T 1 and T 2 can be accurately measured for a well-characterized sample, then reliable K values can be obtained provided that the vertical temperature variation is at a minimum or zero. The sample was heated from the center using a single heating wire (Kanthal A-1) in steps from 100 K up to 573 K and then from 50 K up to 10 K below the melting temperature of the alloy. The temperature of the sample was controlled to an accuracy of ±0.1K with a Eurotherm 2604 type controller.
The sample was kept at steady state condition for at least two hours for a setting temperature. At the steady state condition, the temperatures of the axial position of the sample were measured with a mineral insulated metal sheated 0.5 mm in diameter K-type thermocouple, and the total input power and the stationary thermocouple temperatures were recorded with a Hewlett Packard 34401 type multimeter and a Pico TC-08 data-logger. Desired power and temperature measurements had been completed for all temperature settings. The schematic block diagram of the experimental set up used to measure the thermal conductivity of the solid phase in the present work is shown in Fig. 5 .
The transverse and longitudinal sections of the sample were examined for porosity, crack and casting defects to make sure that these would not introduce any errors to the measurements. The experimental total error in the measurements of thermal conductivity variation with temperature is found to be about 5% by using the radial heat flow apparatus.
The dependence of the K of the solid phase on temperature can be expressed as (6a) and the thermal conductivity coefficient, α TCC, is expressed as 13 ( 6b) where K is the thermal conductivity at the temperature of T, K o is the thermal conductivity at the T o (373 K) and α TTC is the thermal conductivity coefficient.
Measurement of the electrical resistivity
The most common way of measuring the resistivity of a material is by using a four-point probe method. This method involves bringing four equally spaced probes in contact with a material of unknown resistance. The probe array is placed in the center of the material. Two of the probes are used to source current, and the other two probes are used to measure voltage. Using four probes eliminates measurement errors due to the probe resistance, the spreading resistance under each probe, and the contact resistance between each metal probe and material 18 . The electrical resistivity, ρ, is determined by loading a direct current, I, through the outer pair of probes and measuring the voltage drop, V, between the inner pair of probes which are positioned at a distance of s=1 mm. A total of three samples were tested with 5 readings for each sample in order to increase the measurement sensitivity. In this study, the correction factor to be used in calculating the resistivity was determined by referring to the geometric factors in four point resistivity measurement provided by Topsoe 19 . Fundamentally, the electrical resistivity is expressed as (7) where G is the geometric resistivity correction factor. There is a functional relation between sample geometry, voltage (V) and current (I) that influences the electrical resistivity. In the calculation of G, which varies with sample and contact geometries, when sample dimensions t/s ≥1 and d/s <40 (see below) are considered, the following relation can be used 19, 20 . where t and d are thickness and diameter of the sample, respectively; s is the distance between consecutive probes; and F 1 and F 2 are additional correction factors. Consequently, G is calculated to be 0.57 cm. The measuring unit was interfaced with a PC for the online data acquisition and processing. A Keithley 2400 sourcemeter was used to provide constant current of 1 A, and the potential drop was detected by a Keithley 2700 multimeter. Platinum wires with a diameter of 0.5 mm were used as current and potential electrodes. The temperature of the sample in the Nabertherm P320 muffle furnace was controlled with a temperature controller, and the temperature of the sample was measured with a standard K-type thermocouple. The electrical resistivity strongly depends on temperature. In metals, electrical resistivity increases with increasing temperature. The dependence of electrical resistivity on the temperature is often expressed as (9a) and the electrical resistivity coefficient (the slope in the electrical resistivity versus temperature graph) can be given as
where ρ S is the electrical resistivity at the temperature T, ρ o is the electrical resistivity at the room temperature, and α ERC is the electrical resistivity coefficient. The error in the electrical resistivity measurements is calculated to be about 5%. The electrical conductivity of the alloy was calculated by taking the inverse of the measured electrical resistivity.
Determination of enthalpy, specific heat capacity and thermal diffusivity
Differential scanning calorimetry (DSC) is carried out together with thermogravimetric (TG) analysis of the sample, using a Netzsch STA 449 C Jupiter balance. The DSC curve shows the amount of heat required to increase the temperature of a sample; and the specific heat capacity, C p , is determined by (10) where m is mass (kg) of the sample, dT/dt is heating rate (K/s) and dQ/ dt is heat flow (W). A reference sample with a well-defined specific heat capacity, sapphire in this study, is measured together with the sample. The heat flux and temperature difference between the sample and the reference throughout the heating and/or cooling are measured, and the specific heat capacity of the sample is determined by using Eq. (10).
Measurements of thermal properties were carried out during heating and subsequent cooling regimes at a rate of 5 K/min under argon flow (50 mL/min). The accuracy of determination of the temperature and enthalpy of reactions were ±0.2 K and ±5%, respectively.
Another important variable in defining the thermal properties of a material is thermal diffusivity. This is a measurement of the rate at which a material can adapt to a thermal disturbance travelling through it. While thermal conductivity measures the rate at which thermal energy travels through a body, thermal diffusivity deals specifically with the associated rise in temperature measured in m 2 /s. After measuring the thermal conductivity using radial heat flow method, the thermal conductivity was substituted into Eq. (11) to calculate the thermal diffusivity:
where α is the thermal diffusivity (m 2 /s), K is the thermal conductivity (W/m K), ρ is the density (kg/m 3 ) and C p is the specific heat capacity (J/kg K). 
Results and Discussions
Dependency of the thermal conductivity on the temperature
As can be seen in Fig.6 , the value of K decreases with increasing temperature, and the measured lines of K variations with temperature for the Al-0.25 Zr alloy is fairly below the line of K variation with temperature for Al 21 . In the case of pure Al and pure Zr, there were relatively less impurities, such as solute atoms of Zr in α-Al matrix, so the scattering of electron by impurity was weak. With the increase of temperature, the vibration of lattice became more severe, which strongly impeded the movement of both electrons and phonons. Thus, the electron-phonon and phonon-phonon scattering became dominant at higher temperature range, leading to a lower thermal conductivity. According to Fig. 6 , with increasing the temperature from 373 to 600 K, the values of K decreased from 240. 35 
Dependency of the electrical resistivity and conductivity on the temperature
The temperature dependences of the resistivity of the pure Al 21 , pure Zr 21 and Al-0.25 Zr alloy are presented in Fig. 7(a) . As shown in Fig. 7(a) , the resistivities linearly increase with increasing temperature. The line of resistivity versus temperature for the Al-0.25Zr alloy is slightly higher than the lines of resistivity versus temperature for pure Al, but fairly lower than the line of resistivity versus temperature for pure Zr. The ρ values of the alloy obtained as a function of temperature were found to be in the range of 3.56x10 -8 -7.06x10 -8 Ω m. The electrical resistivity coefficients (α ERC ) of the materials calculated from Eq. (9) for the pure Al, pure Zr and Al-025Zr alloy are given in Table 2 . As given in Table 2 , the α ERC values for the same materials were found to be 4.26x10 -3 , 3.83x10 -3 and 3.16x10 -3 , respectively. Figure 7(b) shows that the values of σ for Al-0.25Zr alloy are inversely proportional to temperature and found to be in the range of 1.41x10 7 -2.80x10 7 Ω -1 m -1 and the electrical conductivity coefficient was found to be 1.59x10 -3 K -1 (see Fig.7(b) ). It can be observed that increase in temperature values lead to approximately 50% decrease in the σ values.
Predictions of thermal and electrical conductivities
The variations of Κ with temperature were also determined from the W-F and S-P equations for the Al-0.25Zr alloy and are shown in Fig. 8 (a-b) . In the thermal conductivity process, as can be seen from Eq. 2, the W-F equation contains only electronic contribution (K e ). As can be seen in Fig.8(a) , the K e values calculated using Eq. (2) decreased from 207.8 to .5 % to the total thermal conductivity (K total ) depending on the temperature. The lattice thermal component decreases with increasing temperature (see Fig.8a ). Similar trends have been confirmed by various researchers for different metal and alloy systems [22] [23] [24] [25] [26] [27] [28] . In the most pure metallic elements, the contribution of the lattice conductivity term becomes low (~2-20%) around room temperature, as the conductivity due to electrical charge carriers is dominant 29 . Another important concept in understanding thermal conductivity is that materials are assumed to have a mean free path through which these means of heat transfer can flow. Intuitively, the greater the mean free path is, the better the thermal conduction through a given material will be. The underlying concept behind these methods is scattering of phonons to reduce their mean free paths, thereby reducing the lattice thermal conductivity. For the movement of lattice waves, these obstacles can be other lattice waves, grain boundaries, second phase particles, dislocations, porosity and other imperfections present within the crystal lattice [21] [22] [23] . Figure 8(b) shows the comparison between the experimental K total values and the K values calculated from the S-P equation (Eq.3). The S-P equation does not neglect the lattice component (K L ) that contributes to the total thermal conductivity. As can be seen from Eq. (3), the S-P equation contains constants such as A and B. A term (0.909) is a proposed coefficient due to the Lorenz coefficient difference for different alloys. The S-P equation also assumes that the second term B (10.5 W/Km), corresponding to the K L , is constant and independent of composition 15, 16 . In this study, the value of B for Al-based alloys was used as 10.5 W/K m. As can be seen in Fig. 8(b) , the experimentally measured K total values and the values predicted by the S-P equation are quite good compared to the predicted K values obtained by using the W-F equation. As a result, thermal conductivity, K total was highly consistent with the values estimated using the Smith-Palmer law in the current study.
The enthalpy, specific heat capacity and thermal diffusivity
The thermal properties of the Al-0.25 Zr alloy such as ΔH, T m and C p were investigated using a heating rate of 5 K/min in the range 330-1070 K with DSC analysis in a flow of purified argon. The variation of the heat flow with temperature is given in Fig. 9 . A sharp peak occurred during melting. The melting (liquidus) temperature of the Al-0.25 Zr alloy was determined to be 945.7 K, and the ΔH and the C P were calculated as 304.8 J/g and 0.907 J/gK, respectively. Figure 10 shows the temperature dependence of the calculated [30] [31] [32] used in the calculation of the specific heat capacities for solid and liquid phases of pure Al and pure Zr are given in Table 3 . According to Neumann-Kopp rule, the specific heat capacity of an alloy is equal to the sum of the products of the atomic fraction of the constituent elements and their atomic specific heat capacity. The Cp value calculated from the Neumann-Kopp rule 33 is slightly larger than the experimentally determined Cp value (Fig. 9 ) during solid-liquid state transformation for the studied alloy. As can be seen in Table 3 , Cp values for liquid phases of the pure Al and Zr metals are generally constant while Cp in solid phases increases depending on the temperature. The thermal diffusivity data are shown in Fig. 11(a) . The corresponding thermal diffusivities were calculated by inserting the thermal conductivities, density and specific heat data for the studied alloy in Eq. (11) . The values of thermal diffusivity decrease with increasing temperature. With increasing temperature from 373 to 600 K, the value of thermal diffusivity decreased from 88.3x10 -6 to 82.8x10 -6 m 2 /s for the Al-0.25 Zr alloy. The temperature dependence of thermal diffusivity for the pure Al 34 , pure Zr 34 , the studied alloy and some other alloys [35] [36] [37] [38] is shown in Fig. 11(b) . The thermal diffusivity of these pure metal and alloys decreased with increasing temperature. The values of thermal diffusivity for the studied alloy are close to the Al-1Si alloy reported by Kim et al. 36 . In the thermal diffusivity, values for both alloys being close to each other, dilution of alloys may play a dominant role.
Conclusions
The electrical conductivity and some thermal properties of the Al-0.25 Zr alloy were investigated, and the results are summarized as follows:
1. Dependency of K in the Al-0.25 Zr alloy on the temperature was investigated by using radial heat flow furnace. The thermal conductivity of the Al-0.25 Zr alloy linearly decreases from 215 to 200 W/m K with increasing temperature. The α TTC values for the same alloys were determined from the graphs of K variations with temperature. 2. The measurements of the electrical resistivity were carried out in 300 -600 K temperature range. It indicates that the electrical resistivity of the studied alloy increases from 3.56x10 -8 to 7.06x10 -8 Ω m with the increase in temperature. The α ERC values for the same alloys were also determined from the graphs of ρ variations with temperature. 3. The electrical conductivity, σ, was calculated by taking inverse of the measured electrical resistivity, and electrical conductivity coefficient (1.59x10 -3 K -1 ) was determined from the graph of the σ variations at different temperatures. 4. The ρ variations with temperature for the Al-0. 25 Zr alloy were determined with the W-F and S-P equations by using the measured values of K. The relationship between these parameters (K, σ) is not very well described by the Wiedemann-Franz law since K L includes a significant contribution from phonons. Unlike Wiedemann-Franz law, the SmithPalmer equation contains the phonon contribution, and the values predicted by this equation are in good agreement with our experimental thermal conductivity values. 5. The measured melting (liquidus) temperature of the studied alloy was 945.7 K, and the ΔH and the C P were calculated as 304.8 J/g and 0.907 J/gK, respectively. Thermal diffusivity of the Al-0.25 Zr alloy decreased with increasing temperature. The thermal diffusivity varied from 88.3x10 -6 m 2 /s to 82.8x10 -6 m 2 /s in the temperature range from 373 to 600 K.
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